Abstract In order to realize steady-state operation of the neutral beam injection (NBI) system with high beam energy, an accurate thermal analysis and a prediction about working conditions of heat-removal structures inside high-heat-flux (HHF) components in the system are key issues. In this paper, taking the HHF ion dump with swirl tubes in NBI system as an example, an accurate thermal dynamic simulation method based on computational fluid dynamics (CFD) and the finite volume method is presented to predict performance of the HHF component. In this simulation method, the Eulerian multiphase method together with some empirical corrections about the inter-phase transfer model and the wall heat flux partitioning model are considered to describe the subcooled boiling. The reliability of the proposed method is validated by an experimental example with subcooled boiling inside swirl tube. The proposed method provides an important tool for the refined thermal and flow dynamic analysis of HHF components, and can be extended to study the thermal design of other complex HHF engineering structures in a straightforward way. The simulation results also verify that the swirl tube is a promising heat removing structure for the HHF components of the NBI system.
Introduction
The neutral beam injection (NBI) system is presently one of the most useful auxiliary heating methods for experimental advanced superconducting tokamak (EAST) and is under construction in Institute of Plasma Physics, Chinese Academy of Sciences. During operation process of the NBI system, components (such as ion dump, calorimeter, deflector magnet coils) along the beam path in the system are subjected to high heat flux which is up to several MW/m 2 , as shown in Fig. 1 . Such high heat flux would be adverse to the safe operation of the NBI system. Removing the heat load in time from those high-heat-flux (HHF) components to control the temperature increase is a precondition for realizing the steady state condition of the system [1−6] .
As one of the most useful heat-removal-enhanced structures, the tube with swirl tape inside called a swirl tube was firstly proposed by the Oak Ridge National Laboratory [5] , and has been widely used in some nuclear devices. The tape inside the swirl tube structure induces turbulence and superimposed vortex motion (swirl flow), which causes a thinner boundary layer and consequently, results in a high heat transfer coefficient.
Also the structure of the swirl tube extends the critical heat flux (CHF) by about a factor of 2 over that of the corresponding straight flow in subcooled boiling. The CHF often occurs when the fluid temperature near the inner wall of the heated channel exceeds the saturation temperature, even though the bulk liquid temperature is much more lower, typically in the nuclear reactors. The presence of vapor bubbles in the core induced by subcooled boiling would influence the operating behavior of the reactor system. Studies on subcooled boiling inside the swirl tube in fusion reactors were conducted in many different laboratories [7−10] . Araki et al. [4] gave a new heat transfer corrections under one-sided heating conditions for the subcooled boiling regime inside the smooth and swirl tubes. Iasaka et al. [7] proposed a CHF multiplier to model the mechanism of CHF enhancement for one-sided heating conditions in subcooled boiling inside the swirl tube using experimental data. Drizius et al. [11] described a CHF correction of subcooled boiling in a swirl tube under uniform heating conditions. Marshall et al. [12] developed a physical model for predicting heat transfer properties for one-side heating structure with water-cooling. The model integrates the corrections in individual regimes and forms a cohesive model of Nukiyama. It was proved that the model works equally well with the smooth tube and swirl tube and could predict well the thermal-hydraulics in fusion applications. The above studies all focused on the corrections mainly about several key points without detailed and intuitively clear thermal and flow field profile. To get working condition of the flow, application of computational fluid dynamics (CFD) modeling is necessary. For three-dimensional structure with twophase flow by using CFD methods, the discretization method of the solved domain is quite important [13−15] . The finite volume method (FVM), which has a definite physical meaning compared with other methods and keeps conservation laws even in the tiny control volumes, has a much wider applied bound [13] . In general, studies on the subcooled boiling of swirl tube are still not very clear and complete, the main literatures on such problems were usually turned to the analysis of CHF [7, 10, 16] , and only a few studies were focused on the conditions of the fluid flow [17, 18] . So, studying further on details of the subcooled boiling mechanism, including refined thermal and fluid dynamic analyses with main influence factors, including efficient simulation of flow and bubble conditions with accurate and suitable discretization method, has very important theoretical and practical significance for thermal design of this complex engineering structure.
As one of the main and typical HHF components in the NBI system, the ion dump with swirl tubes plays an important role in realizing steady-state operation of the system with high power. In this paper, taking the HHF ion dump with swirl tubes in NBI system as an example, an accurate thermal simulation method based on a CFD code and the FVM, is presented to predict the thermal and fluid dynamics performance of the HHF component. In this simulation, the Eulerian multiphase model together with some empirical corrections about the inter-phase transfer model and the wall heat flux partitioning model are formulated to analyze the subcooled boiling. The whole paper is organized as follows: In the second section, the physical model of ion dump with swirl tubes in NBI system is given. General theorems for subcooled boiling simulation of a HHF component with a swirl tube, including the Eulerian multiphase, the inter-phase transfer model, the wall heat flux partitioning model and the simulation algorithms by using the CFD code, are presented in the third section. In the fourth part, a simulation of one structure similar to that in Ref. [15] is firstly presented by using the proposed method, and the comparison between the simulated results and experimental data in Ref. [15] is given to validate the method. Then the simulation results of the ion dump using the proposed method are given. The last part is the conclusion.
The physical model of ion dump with swirl tubes
In the EAST-NBI system, as one typical HHF component, the ion dump absorbs non-neutralized ions deflected by the bending magnets, and is positioned downstream of the bending magnets. In our study, the ion dump consists of two panels which form a V-shape configuration. Each panel is set with 5
• inclined angle with respect to the beam line axis in order to adjust the beam profile of the NBI in Fig. 1 , and made up of a set of 34 horizontal swirl tubes with circular cross-section (the total height is 594 mm), as shown in Fig. 2 . The tubes of one panel are divided into two layers (front ones and back ones) which are displaced by 10 mm overlap to avoid beam shine through, referred to the HHF components in NBI of PLT (Princeton Large Torus) devices at Princeton Plasma Physics Laboratory. The distance between adjacent pipes is 18 mm. The details of the swirl tube are shown in Fig. 3 . Such swirl tube is made of two parts, tube and swirl tape. The main swirl tube element is made of CuCrZr alloy and the tape is made of oxygen-free high-conductivity copper. More details of the swirl tube are listed as below: the inside diameter is 16 mm, the outside diameter is 20 mm, the thickness of the tape is 0.8 mm and the twist ratio of the tape is 2, the length of the tube is 440 mm. In the simulations, the following assumptions are adopted: a. The object of study is mounted perpendicular to the beam. b. The heat flux loaded on the outside of the tube is the only heat source (heated length is 400 mm and heated area is half of the outside surface as shown in Fig. 2 ). The power density profile of the HHF surface is uniform in the beam profile, and the load is cosine distributed along the circumference of the heating-side tube. Other surfaces are adiabatic. c. The effect of radiation is neglected. d. The inlet flow conditions are: the pressure is 7×10
5 Pa and the temperature is 293.15 K.
3 Subcooled boiling simulation method of HHF component with swirl tube
In this section, based on CFD and FVM, general theorems and numerical algorithms of the subcooled boiling simulation are presented for HHF component with swirl tubes. For HHF component with swirl tubes under uniform heat-loads, the heat transfer models which change along the heated tube, are shown in Fig. 4 [19] . When the inlet temperature of fluid T L is far below the saturation temperature (T s ), the liquid is in the single phase convection regime and the heat transfer is single-phase convection. Subcooled boiling is initiated at the point of onset of nucleate boiling (ONB), where a sufficient amount of wall temperature superheat is reached and bubble nucleation appears (∆T ONB ). It's a highly subcooled regime. Starting from the point of full-development boiling (FDB), the void fraction increases significantly in the low subcooled regime, the gas layer in this regime is thicker as the bubbles become larger and leave the heated wall. At point S, the liquid reaches a saturated boiling state. Here, T s represents the saturation temperature of the liquid under the local pressure, T w represents the wall temperature of the inner side next to the liquid and T L represents the average temperature of working liquid. Fig.4 Regimes distribution of the boiling [19] In order to describe the process of subcooled boiling using CFD, the Eulerian model together with some empirical corrections about the inter-phase transfer model, wall heat flux partitioning model and bubble departure model are considered. The Eulerian model can solve the continuity, momentum and energy equations for each phase, and has several models available to define interphase exchange coefficients. It has been proved to be more accurate than other two-phase models [13] .
Control equations with Eulerian multiphase model
For the two-phase heat transfer and flow inside the swirl tube with one-side-heating, the governing equations could be described with an Eulerian multiphase model, including the mass conservation equations, momentum conservation equations, energy conservation equations, and k-ε model of the mixture phase, as follows [8] :
where, the subscript q could represent the liquid phase or the vapor phase. The subscript pq means the interactional parameter at the interface. The right side of the three equations means the value transferred across the interface. The parameter α q is the phase volume fraction of phase q, v q is the velocity of phase q, R is the interfacial drag force, P is the pressure, F q is the turbulent diffusion force, F lift,q is the lift-force, F vm,q is the momentum transfer associated with the phase transfer, H q is the enthalpy, H pq means the difference in the formation enthalpies of the phase q, and the other one, S q means the energy source of phase q. k is the turbulent kinetic energy, ε is the dissipation rate, µ q is the dynamic viscosity of q, G k,q is the turbulence production rate of phase q. S k is the source term in turbulent kinetic energy equation and S ε is the source term in dissipation rate. C ε1 , C ε2 are constants. The restrictions on interfacial exchange terms are presented as follows [8] :ṁ
Wall heat flux partitioning model
A more detailed description about the wall heat flux partitioning model was discussed by Narumanchi [8] . The most famous one is the RPI (Rensselaer Polytechnic Institute) model [20] , which has been widely accepted. According to the RPI model, the total heat flux q w is the result of contributions of four different heat transfer mechanisms which can possibly occur simultaneously. So, the energy balance at the wall between the fluid and solid cells can be expressed as
Here, q c1 and q c2 are the classical single phase heat fluxes due to convection in liquid and vapor, respectively. q e is corresponding to the evaporation heat flux due to the boiling.is the quenching heat flux representing the single phase heat flux due to convection in vapor and the heat flux exchange during the transient phase of conduction in liquid which follows a bubble departure [8] .
where T v means the temperature of the vapor near the wall in the control volume. Parameters h lw and h vw are heat transfer coefficients of the liquid and the vapor near the wall in the control volume, respectively. Parameters H lg is the latent heat between liquid and vapor, d vw is the bubble departure diameter, f is the bubble departure frequency, n is the nucleation site density, as affected by the roughness of the wall surface, and h q is the quenching heat flux coefficient [21] .
where, θ is the local degree of superheat, and θ in is the superheat at the inlet pressure. Densities ρ l and ρ v are for liquid and vapor, respectively, k l is the heat conductivity factor of the liquid in the control volume, g is the acceleration of gravity, and C pl is the specific heat of the liquid at constant pressure. When the liquid is water, and the material of the wall is CuCrZr, the nucleation site density [22] can be obtained as
Inter-phase transfer model of twophase flow
The inter-phase mass transfer has two parts: the evaporation at the wall (ṁ e ) and the bulk condensation or evaporation (ṁ i ). The former evaporation mass floẇ m e is applied at the cell near the wall and it is derived from the evaporation heat flux q e , which is mentioned in section 3.2 [23] .
where, A vw is the bubble departure area.
The mass transferṁ i in the inter-phase transfer model refers to the change on the interface between the bubble and the liquid caused by boiling and condensation mechanisms. The diameter of the bubble in the free stream is one of the important factors during the heat transfer in two-phase flow [24] , and here as a correlation function of local subcooling ∆T sub , it could be expressed as
The transfer model for the inter-phase includes energy and mass. For energy, the source at the inter-phase can be expressed as
Here, h lg is the heat transfer coefficient on the interface between liquid and gas. Mass transfer can be expressed aṡ
here A lg is the area of interface between liquid and gas.
Inter-phase momentum transfer
In this study, the interfacial momentum transfer includes three parts: drag, lift, and turbulent drift forces, according to Ref. [23] . The interfacial drag force per unit volume is defined as [8] :
where the drag coefficient C d is determined by choosing the minimum of the viscous regime and the distorted regime,
here, v r means the radial velocity of the bubble when the size changes, α is Phase volume fraction of phase vapor, µ l is dynamic viscosity of liquid, C d dis and C d vis are the known drag correlations calculated for distorted and viscous regimes accounting for the high concentration effect.
The coefficient for the interfacial lift force F lift, q is given by [25] C 
where,
Here, Re b is the bubble Re, and Re v is the bubble shear Re.
In the Eulerian multiphase model, the turbulent diffusion force is calculated as [24] :
by default.
And for turbulent equations of the subcooled boiling, the source terms in the mixture k-ε model are expressed as [26] :
where C ε3 = 0.45.
Subcooled boiling simulation algorithms
The subcooled boiling of HHF component-ion dump with swirl tubes can be simulated by the Eulerian model combining with the control equations, the interphase transfer model and the wall heat flux partitioning model. For steady flow, the basic flow chart of the proposed simulation algorithms is displayed in Fig. 5 . It can be seen clearly that the interactions between different phases are well considered in deducing the control equations of each phase, so the proposed method could obtain more information about the multiphase flow and the simulation results are much more reliable and accurate. 
Experimental validation
In order to verify the computational precision of the proposed method, an example of swirl tape inside a rectangle is presented [15] . The basic domain of the structure and the boundary conditions are shown in Fig. 6 . The twist ratio is 2, the heated length is 110 mm. The inlet flow conditions of the example are as follows: pressure is 3.3 MPa, the corresponding saturation temperature is 512.35 K, inlet temperature is 388.15 K, mass flow rate is 0.6688 kg/s (velocity is 10 m/s), hydraulic diameter is 5.66 mm, and Reynolds number is 223225. The material of the swirl tape is copper and the main part of the tube is made of CuCrZr. Uniform profile of incident heat flux loaded on the whole upper surface of the rectangle is adopted and the other surface is thermally isolated. Fig.6 CAD model of swirl tube structure inside a rectangle [15] The simulated results of the structure found by the proposed method and the experimental data obtained by Ref. [15] are shown in Fig. 7 . The triangle points are the experimental data in Ref. [15] . The spots are the simulation results obtained by the proposed method. The upper ones and the lower ones are the temperature rises of point A and point B, respectively. The maximum void fraction in the outlet surface obtained by the proposed method and experimental results in Ref. [15] are close (3% vs. 3.3%). From the comparison, it can be seen that the simulation results of the swirl tube obtained by the proposed method are in good agreement with the test data, which also validates the proposed method and its numerical precision. In this section, simulation results for subcooled boiling of the ion dump with swirl tubes in the NBI system are presented. In our simulation, the solid and fluid domains are meshed with tetrahedron elements according to the finite volume discretization method, as shown in Fig. 8 (nearly 0.8 million grids) and Fig. 9 (about 1.67 million grids), separately. The relation between the maximum volume fraction and the incident heat flux is shown in Fig. 10 . The upper limited temperature of the material (CuCrZr) under the working condition is 350
• C [14] . The hardness curve of CuCrZr with respect to time at temperature of 350
• C is given in Fig. 11 [14] . This Vicker's hardness curve is taken from the experiment of age hardening treatment, which was carried out in a nitrogen atmosphere in an electrical resistance furnace, and was determined with an applied load of 25 g. In such experiment, the material was subjected to aging treatment for at least 3×10 5 min at temperature of 350
• C, and the aging temperature was maintained within 5
• C. The relation between the maximum surface temperature and the incident heat flux is shown in Fig. 12 . The temperature distribution of the heat-loaded surface and the volume fraction distribution of vapor in different surfaces along the tube at 9.45 MW/m 2 are shown in Figs. 13 and 14. In Fig. 10 , we could see that the bubble appears at about 4 MW/m 2 (onset of Nucleate boiling), and the void fraction inside the tube is about 10% at about 58 MW/m 2 (the onset of the critical heat flux). From Figs. 11-14 , when the incident heat flux is up to 11 MW/m 2 , the surface temperature is about 345
• C, close to the upper limit temperature. At this time, the material will be softened, and will be very dangerous if exposed more than 10 5 min. So the upper limit in heat flux is 11 MW/m 2 for the sake of safety. For the NBI system design in EAST, the maximum heat flux for ordinary working condition is 9.45 MW/m 2 . Under this condition, the components could work normally and the maximum temperature of the inside surface of the tube is nearly 261.9
• C, and the material remains at the subcooled boiling state. The maximum value of the vapor volume fraction is about 5%, which appears nearly at a distance of 100-150 mm from the inlet and then decreases, because the heat transfer coefficient of the wall on the boiling condition is enhanced considerably compared with the single phase condition. The pressure drop in the liquid along the tube is about 0.6 MPa. • C [14] Fig .12 Relation between the maximum surface temperature and the incident heat flux
The simulation results prove that the structure with swirl tubes is adoptable for our initial working design and could be used for steady state conditions. The proposed simulation method provides an important tool for refined thermal and fluid dynamic analysis of the HHF components, and has a very important theoretical and practical significance for optimization of the whole NBI system. One of the main concerns of the proposed numerical simulation method is the effect of the grid meshing on computational accuracy and convergent. In this section, in order to show the reliability of the above simulation, a grid independence test is presented. The grid independence test uses the model of section 4.2, and three different grids meshing for the fluid section are adopted, that is, 0.4 mm, 0.8 mm, 1 mm. The other conditions and structure parameters don't change, as shown in section 4.2. The simulation results with different grids meshing are presented in Fig. 15 . From  Fig. 15 , we can find that as the grids get more and more refined (mesh spacing from 1 mm to 0.4 mm), the simulation results about the maximum surface temperature of the tube outside surface are more and more consistent, and the grid independence is thus well verified for the proposed simulation. Once the grid is refined to a certain degree, the grid density has little effect on the computational accuracy. 
Conclusion
In this paper, we take ion dump with swirl tubes in the NBI system as an example and an accurate, two-phase thermal dynamic simulation method is presented to predict the thermal and fluid dynamic performance of the HHF component. The Eulerian multiphase model together with some experiential corrections about the inter-phase transfer model and wall heat flux partitioning model are considered in this method. The reliability of the proposed method is validated by an experimental example with subcooled boiling inside swirl tube. The proposed method provides an important tool for the refined thermal and fluid dynamic analysis of HHF components, and can be extended to study thermal design of other complex HHF engineering structures in a straightforward way. The simulation results also verify that the swirl tube is a promising heat removing structure for the HHF components of the NBI system. 
